Background In autopsy, myocardial bridging is a common finding. With coronary angiography, a systolic compression, mainly of the left anterior descending coronary artery, is observed in 1% to 3% of the patients. Controversy exists concerning the functional importance of this finding. To obtain a functional insight into the myocardial bridging, intravascular ultrasound and intracoronary Doppler were performed.
Background In autopsy, myocardial bridging is a common finding. With coronary angiography, a systolic compression, mainly of the left anterior descending coronary artery, is observed in 1% to 3% of the patients. Controversy exists concerning the functional importance of this finding. To obtain a functional insight into the myocardial bridging, intravascular ultrasound and intracoronary Doppler were performed.
Methods and Results Intracoronary ultrasound and Doppler were performed in 14 patients with angiographic evidence of systolic vessel compression ("milking effect") in the left anterior descending coronary artery. The 4.8F, 20-MHz ultrasound catheter could not be advanced through the entire myocardial bridge segment in 6 of the 14 patients studied because the lumen was <1.6 mm. In these patients, only the proximal parts of the bridge segment were scanned. The changes in cross-sectional shape during the cardiac cycle were determined for both the normal proximal segment and the bridge segment by use of a semiautomatic computer program. Intracoronary Doppler (20 MHz) was performed in 7 patients with a 3F catheter. A highly characteristic systolic eccentric or concentric compression with delayed relaxation in diastole of the myocardial bridging segment was clearly visualized in all patients. The cross-sectional lumen area variation was 40±25% in the bridging segments and 9±7% in the normal segments (P<.01). No atherosclerotic lesions were detected in the bridge or the distal segment in the 8 patients in whom the IVUS catheter was successfully advanced through the entire myocardial bridge. However, atherosclerotic plaques were found in the segments proximal to the bridge in 12 of 14 patients (86%). The resting mean flow velocity was 6.4±+1.2 cm/s; the maximal mean flow velocity after intracoronary administration of 10 mg papaverine was 14.1±3.4 cm/s. The coronary flow velocity reserve was 2.2±0.7. A highly characteristic pattern showing a prominent peak in coronary velocity in early diastole was observed in 86% of patients, and this pattern was enhanced after injection of intracoronary papaverine.
Conclusions Intravascular ultrasound demonstrated a characteristic systolic compression of the bridge segments. The delayed compression release may explain the characteristic sharp early diastolic peak in coronary flow velocity found with intracoronary Doppler in vessels with myocardial bridging. Reduced coronary flow reserve may be related to this phenomenon, possibly explaining signs of ischemia detected in some of the patients, but may alternatively be a result of the presence of atherosclerosis in the segment proximal to the bridge in these patients. (Circulation. 1994 The frames showing the maximal and minimal vessel areas of the myocardial bridging segment were magnified by use of the built-in zoom function, and the cross-sectional area was determined by planimetry. The values were then compared with the measurements derived from angiography. The cross-sectional plaque area was quantified by outlining the area of the lumen and the area of the plaque at the boundary of the media/ plaque interface. Subtraction of the lumen area from the total area yielded the cross-sectional area of the plaque.24 Circumferential compression of the vessel was considered concentric; compression was termed eccentric when parts of the vessel circumference were not affected.
Ninety consecutive frames of videotaped IVUS images of the myocardial bridge segment and of the normal segment proximal to myocardial bridging were digitized into a 256x256-pixel computer. A semiautomatic software based on PV-WAVE (Precision Visuals, Inc, Boulder. Colo) was dexeloped for the evaluation of the lumen area; PV-WAVE is a computer program for analyzing and displaying scientific data. The evaluation was performed on a SUN SPARC-2 workstation (Mountain View, Calif). The program compensates for catheter movement caused by heartbeat by centering each image on consecutive frames. A region of interest comprising both the lumen and the vessel wall is defined interactively. Both the vessel wall and lumen were segmented by thresholding. To control the segmentation process, the determined contours of the lumen were superimposed on the original images. In case of mismatch, resulting, for example, from signal dropout, the procedure was repeated after the threshold or the region of interest was corrected for. The area of the segmented lumen was measured after removal of the catheter and guide-wire artifact. The pulsatile variation of the crosssectional lumen area of at least three cardiac cycles was displayed. For each cardiac cycle, the maximum area, the minimum area, and the end-diastolic area as identified bv ECG were determined.
Angiographic Measurement
The cineangiograms of the myocardial bridge segment and 
Results

Morphological Observation
The IVUS catheter could not be advanced through the entire myocardial bridge segment in 6 of the 14 patients (43%) studied because the lumen diameter was was observed as being eccentric in 12 of 14 patients (86%) and concentric in 2 of 14 patients (14%). In 12 patients, atherosclerotic plaque was found in the segments proximal to the bridge (Fig 3) , and in 4 of these patients, percutaneous transluminal coronary angioplasty (PTCA) was subsequently undertaken. The maximal plaque area ranged from 2 to 12 mm2 (mean+SD 6.9±3.9 mm2). No atherosclerotic lesions were detected in the myocardial bridge segments or the segments distally in the 8 patients in whom the IVUS catheter was successfully advanced through the entire bridge segment.
Quantitative Analysis of the Myocardial Bridge and the Normal Segment Proximal to the Bridge
The most compressed segment that could be reached was selected to analyze the IVUS measurements. Table  1 lists the correlations for the lumen dimensions be- Table 2 ). In the normal segment proximal to the bridge, the maximal lumen area can be seen in very early diastole, and the minimal lumen area is at the beginning of systole (Fig 4A) . The changes are illustrated in Fig 4, where the largest lumen of the selected myocardial bridge segment is seen in mid diastole and the smallest lumen between end systole and early diastole (Fig 4B) . The cross-sectional lumen area variation during the cardiac cycle was 40±25% in the myocardial bridge segments and 9±7% in the normal segments (P<.01) (Fig 4) .
Coronary Flow Reserve
Coronary flow reserve was available in 7 of 14 patients. The resting flow velocity was 6.4±1.2 cm/s; the maximal flow velocity was 14.1±3.4 cm/s. The calculated coronary flow reserve was 2.2±0.7 (Table 2) . A highly characteristic pattern showing a prominent peak in coronary flow in early diastole was observed in 6 of 7 patients (86%) (Fig 5) . This characteristic flow pattern was abolished as the Doppler transducer was pulled back to the normal segment (Fig 6) . Discussion Since Portmann and Iwig2 described angiographically visualized systolic narrowing of the left anterior descending coronary artery, many subsequent reports have described the milking effect of this artery. The milking effect was thought to be caused by systolic compression of the intramural segment, which was seen in conjunction with various cardiac conditions, including coronary artery disease, left ventricular hypertrophy, and hypertrophic cardiomyopathy. 2, 25, 26 In the present study, in which all the patients had typical or atypical angina, angiography demonstrated stenoses in only 4 proximal to the myocardial bridging. In the myocardial bridge segment and in the segment distal to it, no plaque was detected. This finding is consistent with the pathological observations that atherosclerotic lesions seldom involve the bridge segment itself27, 28 The reason for this phenomenon is unknown, but it may relate to a pattern of wall stress and subsequent injury to which the segment proximal to the myocardial bridging is particularly prone.29 Significant differences were obtained between the crosssectional area variation derived from IVUS and angiography during the cardiac cycle. The analysis of IVUSderived measurements systematically excludes cases in which the catheter could not be passed as the result of a lumen diameter of < 1.6 mm for much of the cardiac cycle. Maximal systolic compression in the myocardial bridging in some cases may have been limited by the IVUS catheter. These factors inevitably increase the mean minimum lumen measurements obtained on IVUS and may in large part explain the discrepancy with the angiographic findings. Smaller IVUS catheters would address this problem. The accuracy of quantification of a single plane area on the basis of the angiograms in a condition resulting in an invariably nonspherical lumen is certainly limited and may also explain the discrepancy we found. The better correlations of the dimensions in diastole than systole support this conclusion. Risse A sharp acceleration of flow is seen in early diastole, followed by immediate marked deceleration. Flow velocity plateaus for the remainder of diastole before a drop in systole. In contrast to the normal pattern of vessel area change during the cardiac cycle, in which an increase in area is seen throughout systole in conjunction with the rise in aortic root pressure, myocardial bridge segments undergo a marked decrease in area, particularly in the second half of systole. Importantly, this vessel compression persists into early diastole. The hemodynamic consequences of these changes in vessel area can be seen in the coronary flow velocity traces in the schematic drawing in Fig 7. In early diastole, as the intraventricular pressure quickly drops during the slower decline in aortic root pressure, the maximal coronary perfusion pressure occurs. In normal coronary arteries, this results in a typical acceleration in coronary flow followed by a gradual decline. The rate of deceleration may be attenuated by the simultaneous gradual decrease in vessel area. In contrast, the very sharp increase in velocity in the bridge segment is the result of maximum perfusion pressure coinciding with a persistently contracted vessel area, giving rise to a steep pressure gradient across the bridge. The sudden deceleration appears to be the result of the rapid increase in vessel area that occurs during relaxation of the bridge in diastole, which abolishes the pressure gradient. This typical pattern was found in 86% of our patients with myocardial bridging who underwent Doppler examination. The atypical flow pattern may be a result of the position of the Doppler catheter, which was placed too far proximal to the myocardial bridging, as previously reported. 21 Although the structural and functional data acquired in this study strongly support such an explanation, simultaneous intracoronary pressure measurements are needed to corroborate the hypothesis.
